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ABSTRACT

SivpsoN, KeENNETH L. (University of Cali-
fornia, Davis), T. O. M. Nakavama, anp C. O.
CHICHESTER. Biosynthesis of yeast carotenoids.
J. Bacteriol. 88:1688-1694. 1964.—The biosynthesis
of carotenoids was followed in Rhodotorula glutinis
and in a new strain, 62-506. The treatment of the
growing cultures by methylheptenone, or ionone,
vapors permitted observations of the intermedi-
ates in the biosynthetic pathway. On the basis of
concentration changes and accumulation in
blocked pathways, the sequence of carotenoid
formation is postulated as phytoene, phytofiuene,
¢-carotene, neurosporene, (-zeacarotene, y-caro-
tene, torulin, a Cs aldehyde, and torularhodin.
Torulin and torularhodin were established as the
main carotenoids of 62-506.

ettt

Unified concepts for the biosynthesis of the
carotenoids have been recently proposed by
Jensen, Cohen-Bazire, and Stanier (1961) and
Porter and Anderson (1962). The conclusions
drawn from earlier studies of yeast carotenoids,
however, conflict in part with the transforma-
tions of carotenoids believed to take place in
other carotenoid-forming systems. The yeast
studies have been confined mainly to mutants of
Rhodotorula.

Bonner et al. (1946) studied seven mutants
(produced by treating the normal strain with
ultraviolet radiation) isolated from R. rubra
whose color ranged from red to colorless. Torulin,
v- and B-carotene, and phytofluene, along with
pigments “A” and “B,” were isolated. On the
basis of this study, the authors proposed a parallel
pathway for the formation of torulin and the
yellow carotenoids, with phytofluene as a common
precursor.

Villoutreix (1960) concluded, after investigat-
ing the carotenoids isolated from the mutants of
R. mucilaginosa (produced by treating the
normal strain with ultraviolet radiation), that
the carotenoids of yeast are not mutually related.
Of the seven mutants studied, five contained
torularhodin; one contained spirilloxanthin; one,

lycopene; four, torulin; five, neurosporene; six,
v-carotene, five, {-carotene; two, pigment X six,
B-carotene; and three, phytofluene.

Kayser and Villoutreix (1961) later examined
the carotenoids of a mutant of R. muctlaginosa
(produced by irradiating the normal strain with
X rays), and proposed the pigments X and §-
carotene as the precursors of both torularhodin
and torulin.

Nakayama, Mackinney, and Phaff (1954)
investigated the effect of temperature on the
formation of the carotenoids of R. glutinis. At
5 C, B- and y-carotene were the main pigments
formed, whereas at 25 C larger amounts of
torulin and torularhodin were formed, accom-
panied by a decrease in v- and ($-carotene.

We report on the biosynthesis of the carote-
noids in R. glutinis. The changes in carotenoid
synthesis were brought about by culturing at
temperatures of 5 and 25 C, and by treatment
with the vapors of methylheptenone and gB-
ionone. The carotenoids of a new isolate were
determined to be primarily <-carotene, torulin,
and torularhodin.

MATERIALS AND METHODS

Some of the characteristics of R. glutinis
(Fres.) Harrison 48-23T have been described
previously (Nakayama et al., 1954; Simpson,
Nakayama, and Chichester, 1964). The very
lightly pigmented yeast 62-506 was isolated from
trout stomach, and appears to be a new species of
Rhodotorula (H. J. Phaff and J. F. T. Spencer,
personal communication).

Petroleum ether (boiling range, 30 to 60 C;
analytical reagent grade) was distilled prior to
use, and was further purified by percolating the
distilled product over silica gel (Graff, O’Connor,
and Skan, 1944). Spectral grade petroleum ether
was used for chromatographic separation of
phytoene. Anhydrous ethyl ether (analytical
reagent grade) was freed from peroxide by passage
through alumina before use. All other solvents of
analytical reagent grade were used as received.
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Hyflo Super-Cel was obtained from the Johns-
Manville Corp., New York, N.Y. Magnesium
oxide was obtained from the Baker Chemical
Co., North Phillipsburg, N.J. Cellulose ashless
powder, standard grade (Whatman), was ob-
tained from Van Waters and Rodgers, San
Francisco, Calif., W. & R. Balston Ltd. Alumina,
neutral activity grade I, was obtained from
Alupharm Chemicals, New Orleans, La. Methyl-
heptenone and B-ionone were obtained from
Fritzsche Bros. Inc., New York, N.Y.

R. glutinis 48-23T was cultivated on a medium
consisting of 109, (v/v) yeast autolysate, 2.5,
agar, and 5% glucose (Nakayama et al., 1954).
A 100-ml amount of medium was autoclaved in
shasta flasks (flat whiskey bottles of 473-ml
capacity) and allowed to solidify with the flasks
lying on one side. This provided an agar surface
of approximately 100 cm? for growth. In some
experiments both strains 48-23T and 62-506
were cultivated in 250-ml Erlenmeyer flasks
containing 50 ml of a liquid medium consisting
of 0.59%, yeast autolysate and 59, glucose broth.
Broth cultures were incubated at 20 C on a rotary
shaker. Cultures were grown in the presence of
methylheptenone or B-ionone vapors by simply
dipping a cork (diameter, 1.0 cm) into these
liquids, and touching the cork surface lightly to
the tip of the cotton plugs, which were then
reinserted into the mouths of the culture flasks.

The yeast cells were harvested, washed, and
then disrupted in a modified French press
(Simpson et al., 1963, 1964). The pigments
were extracted with acetone, transferred to
petroleum ether, and chromatographed on mag-
nesium oxide-Hyflo Super-Cel (1:2, w/w) as
described previously (Simpson et al., 1964).
Torularhodin was adsorbed on the column under
these conditions, while the other pigments were
eluted by the developing solvents (petroleum
ether, ethyl ether, and methyl alcohol).

Potassium hydroxide-methyl alcohol solution
(200 ml; 109, w/v) was added to the solution
containing the crude mixture of pigments eluted
from the column. Saponification was completed
by heating for 5 min on a steam table. Petroleum
ether was added to the mixture, which was
washed free from water-soluble materials. The
petroleum ether solution was then dried over
anhydrous sodium sulfate.

The pigments were rechromatographed on
magnesium oxide - Super - Cel with petroleum
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ether. “Crude” phytoene and phytofluene were
eluted from the column, and the other bands were
cut from the columns and individually eluted
with solvents. The order of adsorption was (-caro-
tene, (-zeacarotene, ¢{-carotene, <y-carotene,
neurosporene, and torulin. All of these, except
torulin and torularhodin, were eluted from the
column material with acetone. They were trans-
ferred to petroleum ether, and washed free from
acetone with water washes.

Torulin was eluted with ethyl ether and methyl
alcohol, and torularhodin was eluted with acetic
acid-ethyl ether (1:10). The water-soluble com-
pounds were removed by water washes, and the
ethyl ether was dried over anhydrous sodium
sulfate. Torularhodin and torulin were taken
to dryness in a rotary flash evaporator, and then
were dissolved in CHCIl; and petroleum ether,
respectively.

Torulin was rechromatographed on cellulose,
where it separated into an orange and a red band.
The red band exhibited absorption maxima cor-
responding to published values for torulin.
Todine catalysis of torulin produced a pigment
whose light-absorption curve closely resembled
that of the orange product. This suggested that
the orange torulin was an isomeric (frans — cis)
conversion product probably produced in the
isolation and purification procedures (Simpson
et al., 1963).

Neurosporene, phytofluene, and [-carotene
were rechromatographed on magnesium oxide-
Super-Cel with petroleum ether as the developing
agent. {-Carotene was rechromatographed on
alumina grade II. 3-Zeacarotene, included in the
{-carotene band, was eluted just before {-caro-
tene with 159, ethyl ether-859%, petroleum ether.
The combined B-zeacarotene fractions were
rechromatographed on alumina grade I in pe-
troleum ether. 3-Carotene was eluted with 259,
ethyl ether, and (8-zeacarotene and (;-zeacarotene
were eluted with 409, ethyl ether.

v-Carotene was rechromatographed on alumina
grade I with 509, ethyl ether as the eluting
solvent.

Phytofluene was rechromatographed on alu-
mina grade I. Ethyl ether (19%) in petroleum
ether was used as a developing solvent, and was
added after 60 ml of petroleum ether had passed
through the column.

The carotenoids were identified by their posi-
tions on the columns, and by their light-absorp-
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tion curves. Close agreement was obtained
between the absorption maxima of the isolated
pigments and published data. Table 1 lists the
characteristic wavelength maxima and the ex-
tinction values used for quantitative deter-
mination.

REesvrts

R. glutinis 48-23T, which altered the composi-
tion of its carotenoids when cultured at 5 C, was
reinvestigated. While the major pigments had
been identified by Nakayama et al. (1954), it
was felt that minor pigments might have been
lost in the procedures utilized in the original
investigation.

A summary of the differences in carotenoid
concentration in cultures grown at 5 and 25 C is
shown in Table 2. The effect of temperature was
twefold. (1) The amount of cell material per
culture was less at the lower temperature, and the
concentration (micrograms per gram, dry weight)
of carotenoids isolated under both conditions
was similar. (ii) The concentration (micrograms
per gram, dry weight) of isolable neurosporene
and vy-carotene was relatively unchanged, and
B-zeacarotene was moderately changed by growth
at the lower temperatures. The most dramatie
change was observed in the levels of B-carotene,
torulin, and torularhodin.

These data can be explained in two ways. The
red pigments could be formed sequentially from
B-carotene, and at low temperature the system
is blocked at this point. A more likely propesal,
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however, based on known structures of torulin
(Ritegg et al., 1961a, b) and torularhodin (Isler
et al., 1959), would involve a monocyelic carote-
noid, such as y-carotene, as a common precursor.

Mackinney et al. (1952) found that B-ionone
vapor stimulated to a marked degree the amount
of carotenoids, particularly 8-carotene, formed by
Phycomyces blakesleeanus. Reyes (1963) showed
that sterol, as well as carotenoid formation, was
stimulated by B-ionone. The effect was postulated
as one of an inhibition of a negative feedback
mechanism acting at the pathway level of the
phosphorylated derivatives of mevalonic acid.

Methylheptenone vapor has been  shown
(Nakayama et al., 1957) to stimulate the forma-
tion of phytoene, phytofluene, ¢-carotene,
neurosporene, and to a lesser extent (-carotene
in Phycomyces.

Both B-ionone and methylheptenone stimu-
lated the formation of phytoene, phytofluene,
¢-carotene, neurosporene, and B-zeacarotene in
R. glutinis (Table 3). The formation of B-carotene,
torulin, and torularhodin, however, was greatly
suppressed by these agents. y-Carotene concen-
tration did not change with the methylheptenone
treatment, but decreased when the culture was
treated with B-ionone. The effect of B-ionone on
B-carotenc synthesis was to decrease its concen-
tration; a more dramatic effect was demonstrable
by adding the B-ionone at the time of inoculation.
Under these conditions only 5.1 ug/g of B-caro-
tene and 9.3 ug/g of y-carotene were formed.

The overall effect of the administration of

TABLE 1. Comparison of absorption maxima of pigments isolated from
Rhodotorula glutinis with literature values

Wavelength
maxima* (mu) 19,
C id 1':1 cm Li st
arotenou K K literature 1terature citation
Litera- | Experi- value
ture mental
value value
Phytoene .......... 285 285 850 Rabourn and Quackenbush, 1953
Phytofluene . ... . ... 348 348 1,540 Koe and Zechmeister, 1952
¢-Carotene . ........ 399 1400 2,500 Nash, Quackenbush, and Porter, 1948
Neurosporene 438 439 2,740 Nakayama, 1958
B-Zeacarotene . . . ..| 426 426 1,940 Petzold, Quackenbush, and McQuistan, 1959
Bi-Zeacarotene . . ... 427 427 1,800 Petzold et al., 1959
y-Carotene. . ......| 460 460 2,760 Goodwin, 1956
B-Carotene . ........ 451 152 2,500 Karrer and Jucker, 1950
Torulin. . ....... ... 484 485 2,680 Simpson, Nakayama, and Chichester, 1964
Torularhodin. ... .. 515 515 1,932 Karrer and Jucker, 1950

* All determinations were made in petroleum ether, except torularhodin, for which CHCl; was used.
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TABLE 2. Concentrations of various carotenoids
produced by Rhodotorula glutinis 48-23T
after growth at 5 and 25 C

BIOSYNTHESIS OF YEAST CAROTENOIDS

Concn of carotenoid
Carotenoid Incul;z:tze;i (l:g days Incub:ttgd (:2‘1 days

Amt Per cent| Amt Per cent

ng/gt ng/gt
Phytoene......... — — — —
Phytofluene. . .. .. — — | Trace | —
¢-Carotene. . .....| — — — —
Neurosporene. . ..| 3.4 1.3 4.5 2.2
B-Zeacarotene. . ... 2.3 0.9 10.8 5.2
y-Carotene. ... ... 32.3| 12.5| 24.2| 11.7
B-Carotene . . ... .. 64.4 | 25.2|133.0 | 64.0
Torularhodin. .. .. 62.0 | 24.3 9.9 4.8
Torulin. . ........ 71.0 | 27.8 9.1 4.4
Total carotenoids.| 235.0 | 100.0 | 207.0 | 100.0

* Cultures were grown on the solid medium in
shasta flasks, and harvested as described in Ma-
terials and Methods.

t Per gram of cells on a dry weight basis. The
average dry weight of cells per culture flasks at
25 C was 0.72 g, and at 5 C, 0.44 g.

B-ionone and methylheptenone was to decrease
the total amount of carotenoids formed, and to
slow culture growth.

The effect of B-ionone on B-carotene synthesis
by Rhodotorula presents a striking departure from
the pattern exhibited by Phycomyces.

A new yeast isolate 62-506 was examined for
the presence of carotenoids. The culture was
almost colorless on wort agar slants, although
torulin, torularhodin, and +-carotene were
detected in preliminary assays. When cultured in
shake flasks for 9 days, small amounts of neuro-
sporene and -carotene were detected in addition
to the three main pigments.

Figure 1 shows the kinetics of the formation of
three pigments in 62-506. v-Carotene was formed
early in the growth cycle, reached a maximal
concentration, and then decreased. Simultaneous
increases were noted in torulin and torularhodin.
Although total pigment content decreased, the
percentage of the latter pigments increased.

DiscussioNn

Bonner et al. (1946) reported the first general
scheme for the transformation of the yeast carote-
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noids. Phytofluene, y-carotene, B-carotene, and
torulin were identified in that study. From the
light-absorption values and their positions on the
column, pigment “A” of Bonner et al. (1946)

TABLE 3. Influence of methylheptenone and B-ionone
vapors on concentrations of various carotenoids
produced by Rhodotorula glutinis 48-23T

Concn of carotenoid
With methyl- (v o
Carotenoid heptenone w“'&fpﬁ’,'l"“e No vapors*
Amtt cl:;rt Amtt cPe;rt Amtt ci;rt
ng/8 ng/e ne/g
Phytoene... .. 63.0| 39.3| 86.5| 52.1] — —
Phytofluene. .| 8.5 5.3| 5.1] 3.1| Trace| —
¢-Carotene....| 4.8] 3.0 3.6] 2.2 — -
Neurosporene.| 15.5{ 9.6 6.4| 3.8 Trace
B-Zeacarotene.| 13.8| 8.6 14.7| 8.7| 3.6 1.4
y-Carotene . ..| 15.2) 9.5 2.2| 1.3| 26.7 | 10.4
B-Carotene . . .| 29.8| 18.5| 40.4| 24.3|162.0 | 63.3
Torularhodin.| 5.8/ 3.6/ 5.9] 3.5 38.6 | 9.6
Torulin.......| 4.2| 2.6/ 1.5 0.9 25.8 | 10.0
Total carot-
enoids. .. ... 161.0{100.0{166.0(100.0|257.0 [100.0

* Cultures were grown in the broth medium
with shaking at 20 C, and harvested as described
in Materials and Methods. The vapors were in-
troduced after 2 days of growth.

1 Per gram of cells on a dry weight basis. The
average dry weight of cells per culture flask was
0.20 g (methylheptenone), 0.19 g (8-ionone), and
0.22 g (no vapors).

T T T T T T T T T T

4 - © 7.CAROTENE b
® TORWIN

4 TORULARHODIN

L= TOTAL PIGNBNT x 1/2

8
L

1+ GRAM/GRAM DRY WEIGHT
o
T
.
L

DAYS

FIG. 1. Changes in the individual concentration
of the three major carotenoid pigments and the total
pigments as a function of growth time in culture 62-
506.
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was probably neurosporene, and pigment “B,”
¢-carotene. The presence of torularhodin, phy-
toene, and B-zeacarotene was not indicated. At
the time of their report, many of the carotenoid
structures were unknown; thus, a relationship
based on structure was then not possible.

Villoutreix (1960) isolated phytoene, phyto-
fluene, ¢-carotene, neurosporene, pigment X
(probably identical to B-zeacarotene), y-carotene,
torularhodin, torulin, and B-carotene. In addi-
tion, one mutant, which only formed acyclic
polyenes, also formed lycopene and spirilloxan-
thin. Villoutreix (1960) concluded, on the basis
of the analysis of the amounts of the various
carotenoids isolated, that the various yeast
polyenes were not mutually related.

In a subsequent report, Kayser and Villoutreix
(1961) proposed, on the basis of the alternation
of the carotenoids of an X-ray mutant of R.
muctlaginosa, that pigment X and <y-carotene
were the precursors of torulin and torularhodin.

In the present report, the biosynthesis of
Rhodotorula carotenoids was studied by altering
the carotenoid formation in 48-23T. By use of the
temperature-sensitive properties of R. glutinis,
v-carotene would appear to be at a branch point
in the biosynthetic pathway. A temperature-
sensitive system subsequent to vy-carotene would
thus seem to be responsible for the channeling of
intermediates to either of the red carotenoids of
B-carotene.

The change in the concentration relationships
of the carotenoids in growing cultures of 62-506
reinforced the position of y-carotene in the bio-
synthetic pathway. y-Carotene does not consti-
tute the major pigment in Rhodotorula grown at
25 C, but is normally found at concentrations
approximating 25% of the total pigment (Naka-
yama et al., 1954). In 62-506, y-carotene concen-
tration approached 659 of the total carotenoid
after 5 daysof growth; therefore, it must represent
a major product in the isoprenoid pathway. Its
decrease with time, coupled with a simultaneous
increase in structurally related products, could
indicate an interconvertibility, even though the
relation is not stoichiometric.

If the assumption is made that in the latter
stages of growth a general loss of all pigments
occurs (Fig. 1), and that all of the pigments have
approximately the same relative stability, the
increase in concentration of torularhodin with
time is very nearly equal to the drop in y-carotene

SIMPSON, NAKAYAMA, AND CHICHESTER

J. BACTERIOL.

concentration. The abrupt change in y-carotene
in any case is indicative of a major change in
metabolism. The metabolic changes observed are
similar to many previous observations (Jensen
et al., 1961; Claes, 1954, 1956, 1958).

In P. blakesleeanus (Chichester, Wong, and
Mackinney, 1954), it was shown that methyl-
heptenone blocks carotenoid synthesis, largely
at the phytoene level, although some accumula-
tion of phytofluene was noted. It was postulated
that the dehydrogenation steps in the pathway
were blocked (Porter and Lincoln, 1950; Jensen
et al., 1958), and thus the accumulation of the
more saturated intermediates occurred. The same
effect was noted when the cultures were treated
with citral or cyclocitral (Chichester et al., 1954),
whose structures in many respects are similar
to that of methylheptenone and ionone. Treat-
ment of carotenoid-producing systems with
diphenylamine (Turian, 1950; Turian and
Haxo, 1952; Jensen et al., 1958) demonstrated a
net accumulation of saturated carotenoids. In
some cases, it was possible to demonstrate a
stoichiometric relationship between the accumu-
lated saturated carotenoids and the more un-
saturated ones upon removal of the inhibitor.
Consequently, in many cases there exists a possi-
bility for the conversion of the hydrogenated
carotenoids to those which are less saturated.
The results of ionone or heptenone treatment of
Rhodotorula 48-23T are similar to those reported
for treatment of cultures with similar inhibitors in
other organisms (i.e., the accumulation of more
saturated, alicyclic carotenoids). The proposed
sequential pathway (Fig. 2) is, therefore, consist-
ent with previous findings (Jensen et al., 1958;
Porter and Anderson, 1962), structural relation-
ships, results which have been reported using
inhibitors to block synthetic carotenoid synthesis,
and data derived from the analysis of carotenoids
of 62-506 at various times during its growth.

An aldehydic pigment is postulated as an inter-
mediate in the formation of torularhodin from
torulin, although the pigment was not isolated in
these experiments. Its inclusion is based upon its
synthesis by Isler et al. (1959).

The development of previously unobserved
carotenoids in Rhodotorula 48-23T after the
treatment with inhibitors indicates that pathways
for their formation are available in the organism,
and would cast some doubt on the conclusions of
Villoutreix (1960), that all carotenoids which an
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FIG. 2. Proposed pathway for biosynthesis of
yeast carotenoids.
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organism can form must be isolable from the
untreated organisms by the extraction of large
samples.

The occurrence of B-zeacarotene and B3i-zea-
carotene in yeast has not previously been re-
ported. The structure of B;-zeacarotene is not
known, but it is related to that of 8-zeacarotene
(Petzold, Quackenbush, and McQuistan, 1959).
In all cases where these could be separated, the
amount of B-zeacarotene isolated was greater
than that of B,-zeacarotene. Only B;-zeacarotene
was isolated from cultures grown on the rotary
shaker.

Lycopene was not detected in any of the cul-
tures, although the various treatments caused
the level of neurosporene and B-zeacarotene to
increase. These results do not rule out lycopene
as an intermediate, but it would appear that at
least the main pathway between neurosporene
and +y-carotene is mediated by B-zeacarotene.

No xanthophylls containing a secondary
hydroxyl group were found in this study. To our
knowledge, no carotenoids containing this
grouping have been reported in yeast, although
they are extremely common in plant tissues.
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